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Abstract 
Compressive properties of electrospun fiber mats are reported for the first time. Mats of 
bisphenol-A polysulfone (PSU) and of poly(trimethyl hexamethylene terephthalamide) 
(PA 6(3)T) were electrospun and annealed at a range of temperatures spanning the glass 
transition temperature of each polymer. The data for applied stress versus mat solidity 
were found to be well-described by a power law of the form 𝜎!! = 𝑘𝐸 𝜙! − 𝜙!! , where 𝜎!! is the applied stress and ϕ is solidity, in accord with the analysis of Toll.   The values 
of n range from 3.2 to 6 for PSU and from 8.0 to 20 for PA 6(3)T.  The lowest values in 
each case were exhibited by mats annealed near the glass transition temperature of the 
fiber material. The values of n are independent of fiber diameter. The higher values of n 
are attributed to fiber slippage via a mechanism analogous to that of work hardening of 
metals. The values of kE can vary by an order of magnitude and were difficult to 
determine precisely, due to the nature of the power law and the inhomogeneity of the 
mats. The compressibility of electrospun mats in response to an applied stress is 
sufficiently large that it cannot be neglected in applications where large pressures may be 
involved, such as filtration or membrane separations.  In addition to the initial solidity of 
the mats, the material compressibility and the operating pressure relevant to the 
application is important to describe the structure of electrospun mats quantitatively under 
conditions of use.  
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1. Introduction 
 
Electrospinning is a process that produces nonwoven mats consisting of fibers with 
diameters in the range from less than 100 nm to several microns. The electrospun mats 
have a wide variety of applications in areas like tissue engineering, filtration, textiles, and 
sensors. This popularity is due to three useful properties that are typical of electrospun 
mats: high specific surface area (the surface area per unit mass), low solidity (or high 
porosity) and high interconnectivity of pore spaces [1]. Solidity is sometimes called 
“relative density”, and corresponds to the density of the fiber mat relative to the bulk 
density of the polymer that comprises the fibers. The high specific surface area allows 
electrospun mats to function as effective scaffolds for growing cells [2,3], delivering 
drugs [4], remediating toxic gases or acting as sensors for certain molecular species [5,6]. 
The low solidity coupled with high interconnectivity of pores makes electrospun mats 
good candidates for filtration media because the resistance to flow and likelihood of 
clogging are low, which results in higher flux for a given pressure drop across the filter 
[7].     
 
There is, however, a potential drawback in using electrospun mats for filtration 
membranes. Filtration is typically a pressure driven process.  Since electrospun mats are 
low in solidity and consist of flexible, small diameter fibers, they tend to be highly 
compressible. The attractive properties of high specific surface area and low solidity are 
diminished as a result of compression of the electrospun mats. This effect is even more 
significant for high pressure operations like reverse osmosis (up to 7MPa). Therefore, an 
understanding of the compressive response of electrospun mats is critical in order to 
evaluate their use as filtration media or separation membranes.  This potential problem is 
not limited to electrospun fiber mats, but may be found in other types of polymer filters 
or membranes where solidity is low (and porosity is high).  
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The mechanical properties of electrospun mats can be improved by the welding of fiber 
contacts through thermal annealing or solvent vapor treatment. Several studies have 
shown improvements in the in-plane tensile and wear properties [8, 9] after annealing the 
mats thermally or chemically, but through-plane compressive properties were not 
investigated.  
 
Van Wyk first proposed a mechanistic deformation model for a fibrous medium under 
compression [10]. In his model, fiber slippage and fiber extension are neglected for 
simplicity, and the only mode of deformation is fiber bending. The resulting equation 
relating transverse stress (𝜎!!) and solidity (ϕ) is: 
 
    𝜎!! = 𝑘𝐸 𝜙! − 𝜙!!       (1) 
 
where k is an empirical constant that accounts for the variations in length, contour, 
elasticity, and other characteristics of the fiber elements; E is the Young’s modulus of the 
fiber; ϕ0 is the initial solidity of the fibrous medium at zero pressure. The subscript zz 
denotes the normal component of stress applied to the surface (the z-plane) of the mat. 
 
More complex models for compression of fibrous media have been proposed since Van 
Wyk, such as those of Komori [11], who included fiber assemblies where the bending 
units are not straight; and Pan [12] and Komori [13], who modified the expression for 
fiber contacts to include the effect of steric hindrance between fibers. Carnaby and Pan 
[14] introduced slipping fiber contacts and showed that fiber slippage contributes to the 
compression hysteresis. Toll [15] derived a power law equation similar to Eq. 1 for planar 
random fiber networks, with an exponent of 5, and aligned fiber networks, with an 
exponent of n>5 more generally. Baudequin [16] also derived a non-linear relation for 
stress versus solidity using scaling analysis.   
 
The models of Van Wyk and of Toll have been verified experimentally for fibers with 
diameter greater than 10µm, such as wool and paper pulps [17,18,19,20], and the 
corresponding 𝜎!!-ϕ curves follow the predicted power law relationship. Despite the 
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widespread use of electrospun fiber mats, we are not aware of any studies of the 
compressive behavior of mats comprising submicron diameter fibers. In this paper, the 
more general expression of the power law relationship developed by Toll is used to 
characterize the compressive response of electrospun mats. The effect of thermal 
annealing on the compressibility of electrospun mats is also presented.    
 
2. Theory 
For purposes of mechanical property estimation, fibrous media are frequently modeled by 
a representative volume element such as that shown in Fig. 1 for a medium with fibers 
oriented parallel to a plane. Fiber bending is the dominant mode of deformation assumed 
in the models of Van Wyk and of Toll. The work of deformation is assumed to be stored 
as strain energy when the fibers bend, and to good approximation:  
 
                𝑑𝜎!! = 𝜂ℎ𝑑𝐹           (2) 
 
where η is the total number of fiber-fiber contacts per unit volume, ℎ is the average 
height of the pore space, and 𝐹 is the average force acting at each fiber-fiber contact. In 
this work we assume that d, h and F are uniform throughout the material.  The transverse 
stress (σzz) increases non-linearly with increasing strain (and solidity, 𝜙) because new 
fiber-fiber contacts are formed when the fibers bend; since all the quantities on the right 
hand side of Eq. 2 are functions of solidity, Eq. 2 must be integrated with respect to 
solidity in order to get the expression for stress: 
 
                𝜎!! 𝜙 = !!!!!" 𝑑𝜙!!!         (3) 
 
Using the definition for linear compliance, 𝑠 = −𝑑ℎ/𝑑𝐹 and 𝑑ℎ/ℎ = −𝑑𝜙/𝜙, Eq. 3 can 
be rewritten as: 
 
            𝜎!! 𝜙 = !!!!" 𝑑𝜙!!!         (4) 
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For a phantom network of non-aligned, slender fibers (length >> diameter), the 
expression for the total number of fiber-fiber contacts and average compliance can be 
expressed approximately as follows: 
      𝜂 = !"!!!!!!!          (5) 
 
       .          (6) 
where 𝑓 =    sin 𝜃′ − 𝜃 𝜓 𝜃′ 𝜓 𝜃 𝑑𝜃′𝑑𝜃 , and 𝜓 𝜃  is the in-plane fiber 
orientation distribution. F can assume a value between 0 (unidirectional) and 2/π (planar 
random); here also, E is the Young’s elastic modulus of a single fiber. The expressions 
for h and L are different for different types of fiber networks [15]. For a wool of fibers 
randomly oriented in all three directions, h ∝  d/ϕ, where d is the fiber diameter; in a 
planer fiber mat in which fibers are randomly oriented within a plane, h ∝ d. In both fiber 
networks, the free segment length, L  ∝ d/fϕ. The resulting equation for the transverse 
stress is: 
 
                                                               𝜎!! = 𝑘𝐸 𝜙! − 𝜙!!         (7) 
 
where n = 3 for a 3D random fiber network and n = 5 for a planar random fiber network.  
For the special case of Figure 1 interpreted literally, one obtains the result k~f4.  Thus, 
one expects that the prefactor kE in Eq. 7 may be very sensitive to small variations in the 
fiber orientation distribution.  For further details, the reader is referred to Toll [15]. In 
certain cases, the exponent n can be greater than 5. Toll has suggested that values of the 
exponent greater than 5 could occur due to the fact that fibers are aligned, which leads to 
a line contact geometry. The segment length L is then assumed to be proportional to 
d/ϕ1+α, where α is an empirical parameter that accounts for the deviation from the point 
contact geometry. In this case, Eq. 7 still applies, with n= 3(1+α).  
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Fig. 1 A schematic of a representative volume element (enclosed within the dashed lines) 
for deformation of a planar fiber network. F is the load applied at the fiber-fiber contact, 
h is the height of the pore space, and L is the segment length between two fiber-fiber 
contacts  	  
3. Experimental 
 
3.1 Materials.  Bisphenol-A-polysulfone (PSU) and poly(trimethyl hexamethylene 
terephthalamide) (PA 6(3)T) were purchased from Sigma Aldrich and Scientific Polymer 
Products, respectively. Both PSU and PA 6(3)T are glassy amorphous solids at room 
temperature, with glass transition temperatures of 188°C and 151°C, respectively, as 
measured by Differential Scanning Calorimetry (TA Q100). N,N-dimethyl formamide 
(DMF), N,N-dimethyl acetamide (DMAc), and N-methyl pyrrolidone (NMP) were 
obtained from Sigma-Aldrich and used as received, as solvents for preparing the 
polymeric solutions used for electrospinning. Formic acid (FA) was added to some 
solutions in small amounts to modify their electrical properties in order to change fiber 
diameter.   
 
3.2 Fabrication.  A vertically aligned, parallel plate setup was used for electrospinning, 
as described elsewhere [9]. The top plate was 15cm in diameter and charged with a high 
voltage supply (Gamma High Voltage Research, ES40P) in the range of 10-30 kV. The 
grounded bottom plate, which also acts as the collector for the fiber mat, was a 15cm 
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x15cm stainless steel platform. The tip-to-collector distance (TCD) was varied from 15 to 
40 cm by adjusting the height of the bottom plate. The polymeric solution was loaded 
into a syringe attached by Teflon tubing to a stainless steel nozzle (1.6 mm OD, 1.0 mm 
ID) that protruded 21 mm through the center of the top plate. A digitally controlled 
syringe pump (Harvard Apparatus, PHD 2000) was used to control flow rates of the 
polymer solution in the range of 0.005-0.02mL/min.  The thickness of the mat was 
controlled from ~15 µm to 200+ µm by varying the time allowed for deposition (30 
minutes to 3 hours).  
 
3.3 Post-processing.  The as-spun mats were annealed thermally in a Thermolyne lab 
oven (FD1545M) to strengthen the electrospun mat, as previously reported [9]. The mats 
were held in plane during the annealing process by draping over on a petri dish that is 10 
cm in diameter. The PSU mats were annealed at temperatures between 180 and 210 °C 
for one hour, whereas the PA 6(3)T mats were annealed at temperatures between 130 and 
170 °C for 2 hours. Both annealing ranges were chosen to span from below to above the 
glass transition (Tg) for each polymer.  
 
3.4 Characterization.  The fiber diameter, fiber orientation and initial solidity of 
electrospun mats were characterized. The average fiber diameter was calculated from the 
measurement of 30 to 50 fibers from images taken with a scanning electron microscope 
(SEM, JEOL-JSM-6060). The SEM images were also used for the analysis of fiber 
orientation using the method by Tzeranis [21]. This algorithm is based on the orientation 
of “simple neighborhoods” i.e. a function of only one coordinate after orienting the 
coordinate system along the principal directions, as proposed by Jahne [22]. The 
derivatives of the pixel intensity along the x- and y- directions form a structure tensor, of 
which the eigenvectors represent the local orientation of the fibers. An orientation angle, 𝜃, with respect to the x-axis can also be obtained. The orientation factor f can then be 
computed from the fiber orientation distribution. 
 
The initial solidity was calculated by  
     𝜙! = !!.!!!!.!!!!      (8) 
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𝜙!.!! is the solidity calculated using a gravimetric method in which the mat thickness 
(𝑡!.!!) was measured using an adjustable measuring force digital micrometer (Model 
CLM 1.6”QM, Mitutoyo, Japan) with a contact force of 0.5N.  The quantity 𝑡! is an 
estimate of the mat thickness based on the probe position of the Agilent T150 UTM at 
20µN contact force (c.f. compression testing).  
 
3.5 Compression test. An unconfined uniaxial compression test was carried out using the 
Agilent T150 UTM (Agilent Technologies, Chandler, AZ) with a load cell of 500 mN. 
Five 1 mm diameter discs were cut out from each of the as-spun or annealed mats.  Each 
of the discs was subjected to five cycles of loading and unloading in compression, with a 
maximum load of 50mN in each cycle. The compression was carried out at a strain rate 
of 0.01s-1 according to the ASTM D575 procedure [23]. The surface of the compression 
platens was lubricated with Teflon spray. The applied load (F) on the specimen and the 
corresponding change in thickness (Δt) of the specimen were recorded.  
 
The planar surface area (A = 0.785mm2, assumed to be constant), initial thickness (t0) and 
initial solidity (ϕ0) of the mat were used to convert the raw data from the UTM into 
transverse engineering stress (or pressure) (σzz = F/A), engineering strain (e=Δt/t0) and 
solidity.  
 𝜙 = !!!!!!!!"      (9) 
t0 was measured by the UTM with a contact force of 20µN as described above. Eq. 7 was 
fitted to the post-processed data in log-log form using unconstrained nonlinear 
optimization (fminunc in MATLAB v2011b) and the corresponding kE and n values 
were obtained. The total hysteresis, defined as the ratio of the unrecoverable work to the 
total work of deformation, was also calculated for each compression cycle and expressed 
as a percentage.  
 
4. Results and Discussion 
 
4.1 Morphology.  PA 6(3)T mats consisting of smooth fibers  with diameters of (0.45 ± 
0.03) µm and (1.2 ± 0.1) µm, and PSU mats consisting of smooth fibers with diameters of 
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(0.34 ± 0.04) µm and (0.7 ± 0.3) µm were successfully electrospun, as shown in Figure 2. 
The PA 6(3)T and PSU mats with smaller fiber diameter have narrower fiber diameter 
distributions than those of PA 6(3)T and PSU mats with larger fiber diameter. The 
samples used in this report were those with fibers diameters of (0.45 ± 0.03) µm and (0.7 
± 0.3) µm for PA 6(3)T and PSU, respectively, unless specified otherwise.      
 
Annealing the electrospun mats at a temperature below Tg did not noticeably change the 
morphology of the fibers. Welding between fibers at fiber-fiber junctions was observed 
for the mats annealed at Tg, and became more prominent with increasing annealing 
temperature, as shown qualitatively in Figure 3. For both polymers, at temperatures 
approximately 20oC above Tg, welding occurs not only at fiber-fiber junctions but also 
along the lengths of parallel fibers, resulting in the formation of fiber “bundles”. The 
morphological changes of PA 6(3)T fibers were more significant than those for PSU 
when annealed at approximately 20oC above Tg of the respective polymer. This could be 
due to the longer annealing time used for PA 6(3)T.  
 
The initial solidity of the electrospun mats was observed to increase with increasing 
annealing temperature, as shown in Figure 4. The solidities of the PA 6(3)T mats 
increased from 0.14 ± 0.01 to 0.37 ± 0.05 as the annealing temperature was increased 
from approximately 20°C below Tg to approximately 20°C above Tg; the solidities of the 
PSU mats increased from 0.099 ± 0.005 to 0.14 ± 0.01 as the annealing temperature was 
increased from 10°C below Tg to 20°C above Tg   
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Fig. 2 SEM images of as-spun electrospun PA 6(3)T and PSU mats with different fiber 
diameters. A) PA 6(3)T with average fiber diameter of 0.45µm; B) PA 6(3)T with 
average fiber diameter of 1.2µm; C) PSU with average fiber diameter of 0.7µm; D) PSU 
with average fiber diameter of 0.34µm. The scale bars for the micrographs are 0.5µm, 
2µm, 1µm, and 1µm, respectively  
 
 
Fig. 3 SEM images of the electrospun PA 6(3)T (average fiber diameter = 0.45µm) and 
PSU (average fiber diameter =0.7µm) mats after thermal annealing. The scale bars for the 
PA 6(3)T micrographs are 1µm, and the scale bars for the PSU micrographs are 2µm  	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Fig. 4 Solidities of electrospun PSU (squares) and PA 6(3)T (circles) mats after thermal 
annealing. The annealing temperature of room temperature (RT) represents the as-spun 
mats 
 
4.2 Compressive properties.  Typical stress-strain curves for five consecutive 
compression load-unload cycles are shown in Figure 5 for a mat of PA 6(3)T annealed at 
130°C. The first compression cycle resulted in the greatest unrecoverable strain (~0.55 
mm/mm in this sample shown). This is likely due to a significant amount of fiber 
slippage occurring during the first loading segment [24]. The irreversible fiber slippage is 
also a major contributor to the large hysteresis in the first compression cycle of the mat. 
The hysteresis was highest for the first cycle (~61%) and decreased with each subsequent 
cycle, as shown in Figure 6.  The hysteresis of the fifth compression cycle was (35 ± 2)% 
and for the tenth compression cycle was (31 ± 1)%, suggesting that the electrospun mats 
were well conditioned after five compression cycles. Hence, all the electrospun mats 
were compressed up to five cycles, and data from the fifth compression cycle were used 
for analysis. The hysteresis (of the fifth compression cycle) was found to decrease with 
increasing annealing temperature, as shown in Figure 7. This is likely due to reduced 
fiber slippage for mats annealed at higher temperature as a result of welding at fiber-fiber 
junctions, as confirmed by the SEM micrographs.  
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Fig. 5 A typical stress-strain curves for five consecutive load-unload compression cycles 
on an electrospun mat. The sample shown here is a PA 6(3)T mat annealed at 130°C 
  
Fig. 6 A plot of % hysteresis after each compression cycle. The error bar is obtained from 
the standard deviation of five replicates  	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Fig. 7 Hysteresis of the fifth compression cycle for PSU (squares) and PA 6(3)T (circles) 
mats annealed at different temperatures. The annealing temperature at room temperature 
(RT) represents the as-spun mats. Compression test was not performed on as-spun PSU 
mat due to the lack of mechanical integrity for sample handling   	  
Data from the unloading segment of the fifth compression cycle was fitted to the power 
law of Eq. 7, in log-log form. It is worth noting that all five compression cycles have 
almost identical unloading curves, indicating that the fiber slippage during the unloading 
segments is insignificant. Typical results for fitting of the fifth unloading segment are 
shown in Figure 8(a) for five replicates from the same electrospun mat . Although the fit 
for each individual replicate is good (R2 > 0.9), there is considerable variation (a spread 
of ~1 order of magnitude) in the fitted kE values, Figure 8(b). This is due to the fact that 
the fitting equation is a power law; thus, even a small change in n results in an order of 
magnitude change (10n) in kE.   The initial solidity for each replicate in Figure 8(a) 
corresponds to that at the end of the fifth unloading cycle, φ5,0, which varies significantly 
from replicate to replicate due to inhomogeneities both in the original mat and in the 
response of each replicate to conditioning.  
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Fig. 8 Results from fitting Eq. 7 to the experimental data from the fifth unloading 
segment obtained for five replicates of PA 6(3)T mat annealed at 130oC. (a.) A plot of 
stress vs. solidity for the five replicates; the solid lines are the fits using Eq. 7. (b.) The  
best-fit kE and n values from the replicates  	  
Figure 9 shows the experimental results for the dependence of solidity on transverse 
stress for PSU and PA 6(3)T mats annealed at different temperatures, along with the best 
fits using Eq. 7.  Since solidity is a major factor in determining transport properties of 
porous media, it is desirable to be able to rank different materials according to their 
solidity under conditions of operation. It is readily apparent from Figure 9(a), however, 
that the order of the solidity of the thermally annealed samples, from the lowest to the 
highest, are (180°C < 190°C < 210°C < 200°C) for stresses in the range 0.1-1 kPa.  This 
changes to (180°C < 210°C < 190°C < 200°C) for 1-20 kPa and to (210°C < 180°C < 
200°C < 190°C), for stresses >20 kPa. While initial solidity plays an important role in the 
relative ranking of materials, it is not the only important parameter. For the PSU mats 
annealed at different temperatures and operated at applied stresses greater than 20kPa, the 
rank order follows the magnitude of n (or kE). For PA 6(3)T annealed at different 
temperatures, the one annealed at 150°C has the lowest solidity, followed by the as-spun 
mat and then those annealed at 130°C and 170°C. For most filtration applications, the 
membrane experiences operating pressures in the range from 10 kPa to 500 kPa [25]. The 
compressibility is defined as β=dφ/φdσzz, which can be simplified to β=1/(nkEφn); thus, 
a. b. 
	   15	  
the compressibilities of electrospun mats are functions of n and kE. A high value of kE 
results in a less compressible mat; whereas a high value of n results in a more 
compressible mat at low solidity but a less compressible mat at high solidity.  From 
Figure 9, it is apparent that performance of a fibrous membrane or filter depends strongly 
on both the initial solidity and the pressure-dependent compressibility of the material (as 
described by ϕ0, kE and n) and the relevant operating pressure for the application. For 
self-supported membranes that may also experience in-plane tension during operation, it 
is also worth noting that the electrospun PSU and PA 6(3)T mats annealed below Tg have 
lower tensile strengths (~1-2 MPa) [9]; thus, it is advisable to anneal the electrospun mats 
at or above Tg for better overall mechanical integrity.  
 
 
	  
Fig. 9 Stress versus solidity for PSU (a) and PA 6(3)T (b) annealed at different 
temperatures. The lines are the best-fit results using Eq. 7, extrapolated to higher 
transverse stress (stress) 	  
Next, we consider factors that may affect the compressibility of the electrospun mats. 
Toll [15] attributes the observation of n values higher than 5 to the nearly parallel 
alignment of fibers, through the strong dependence of the free segment length on solidity.  
To check this, we measured the orientation parameter f for a variety of mats having 
different fiber diameters, annealing temperatures and mat thicknesses. A typical 
a. b. 
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orientation distribution of the fibers within the plane of the mat is shown in Figure 10 (a); 
the corresponding f is 0.47 for this sample.  The n values for all of the mats thus 
characterized are plotted versus the orientation parameter in Figure 10 (b).  No strong 
correlation is observed. 
 
   
 
Fig. 10 (a.) The angle distribution of the fibers from the PA 6(3)T annealed at 130°C. 
The corresponding f orientation factor is 0.47. (b.) Fitted n values versus the fiber 
orientation for the PA 6(3)T mats. PA 6(3)T of different annealing time (circles); PA 
6(3)T of different fiber diameter (squares); PA 6(3)T of different annealing temperature 
(triangles); PA 6(3)T of different mat thickness (crosses) 
 
Values of n and kE of electrospun PA 6(3)T and PSU mats are shown in Table 1. The 
results for the as-spun PSU mat are not included because the mat was difficult to handle 
due to the lack of mechanical integrity.  For both PA 6(3)T and PSU, the value of the 
exponent n is lowest for the samples annealed at their respective Tg’s. The higher n 
values for samples annealed below Tg are attributed to more fiber slippage (high 
hysteresis as shown in Figure 7), which is a result of less fiber-fiber junction welding in 
these mats relative to those annealed near Tg. The higher n values for samples annealed 
above Tg are attributed to a reduction in the thickness of the membrane as the mats 
shrunk in the through-plane direction during annealing; in this case, reduction of 
thickness implies a more planar 2D orientation of the fibers. The exceptionally high n 
a. b. 
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value of PA 6(3)T annealed at 170oC is attributed to the significant amount of bonding 
along the lengths of the fibers, as is apparent from Figure 3. The n values for the 
electrospun PA 6(3)T mats are generally much higher than those of PSU mats. 
 
The compression test was also performed on PA 6(3)T and PSU mats of different fiber 
diameter. An increase in the fiber diameter of PA 6(3)T resulted a slight decrease in the n 
value; whereas an increase in the fiber diameter of PSU resulted a slight increase in the n 
value, as shown in Table 1. There is no statistically significant correlation between the n 
values and fiber diameter, even though the fiber diameters vary by a factor of 2 to 3. The 
lack of any fiber diameter dependence is consistent with Eq. 7, in which fiber diameter 
does not appear explicitly.   
 
Table 1: Compressibility properties of electrospun mats. The error bars reported were 
obtained from the standard deviation of five replicates. The standard deviations of the kE 
values are comparable to the orders of magnitude; these values should be interpreted with 
caution. 
Polymer 
type 
Fiber 
diameter 
(µm) 
Annealing 
temperature 
(°C) 
Initial 
solidity, φ5,0 
n value (kE) value 
(kPa) 
PA 6(3)T 
0.45 ± 0.03 
RTa 0.169 ± 0.009 11.0 ± 0.4 6.9 x 108 
130 0.199 ± 0.008 9.9 ± 0.5 2.0 x 107 
150 0.145 ± 0.005 8.0 ± 0.2 1.3 x 107 
170 0.47 ± 0.02 20 ± 1 3.2 x 106 
1.2 ± 0.1 150 0.297 ± 0.009 7.5 ± 0.4 1.8 x 107 
PSU 
0.34 ± 0.04 210 0.22 ± 0.01 4.4 ± 0.7 1.4 x 103 
0.7 ± 0.3 
180 0.115 ± 0.009 4.5 ± 0.5 7.4 x 103 
190 0.134 ± 0.006 3.2 ± 0.4 6.6 x 102 
200 0.17 ± 0.02 4.2 ± 0.1 1.3 x 103 
210 0.19 ± 0.02 6 ± 1 8.2 x 104 
(a) RT stands for room temperature. 
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The n values were found to increase with increasing mat thickness, regardless of 
composition or annealing temperature, as illustrated best in Figure 11 by the data for the 
PA 6(3)T mats annealed at 150°C. We speculate that the increase in n values with 
thickness can be attributed to incomplete welding between fibers in the thicker samples 
for the annealing times used (2 hours for PA 6(3)T and 1 hour for PSU). To confirm this, 
mats of PSU and PA 6(3)T with the same as-spun thickness (250µm) were annealed for 
1, 2 and 4 hours at 150oC (PSU) or 200oC (PA 6(3)T).  These results are shown in Figure 
12. It is observed that the fitted n values decreased with increasing annealing time in the 
vicinity of Tg, indicative of more complete welding at fiber junctions.  It should be noted, 
however, that this trend does not persist far above Tg, where bonding of parallel fibers 
leads to a significant change of morphology from the original fibrous form (c.f. Figure 3).  	  
 
Fig. 11 Effect of mat thickness on n for PSU and PA 6(3)T fiber mats. PSU mats 
annealed at 210°C (squares); PA 6(3)T mats annealed at 130°C (circles); PA 6(3)T mats 
annealed at 150°C (diamonds); PA 6(3)T mats annealed at 170°C (triangles). The dashed 
lines are provided as guides to the eye  
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Fig. 12 Effect of annealing time on n (open symbols) and kE (filled symbols) for PSU 
mats (squares) and PA 6(3)T mats (circles). The as-spun thickness are 250µm for the PA 
6(3)T and PSU samples annealed at different length of time at 150oC and 200oC, 
respectively   	  
The decrease in n value for mats with welded fiber-fiber junctions can be rationalized by 
analogy to the phenomenon of work hardening in metals. Work hardening occurs due to 
the generation and movement of dislocations within the crystal structure of the metals 
[26]. Analogously, we suggest that fiber slippage occurs more readily in mats that are not 
highly welded at fiber-fiber junctions.  Slippage of fibers in the network, like dislocation 
motion in the crystal, allows the material to reorganize its structure into one that is stiffer 
and more compact, with fewer additional opportunities for slippage and reorganization in 
the “hardened” network. The models of Van Wyk and Toll do not account explicitly for 
such reorganization of the network with increasing strain, but it is reflected instead in the 
form of higher n values observed empirically.    
 
Finally, we note that there is a correlation between kE and n values, as shown in Figure 
13. The kE values increase with an increase in n values. We speculate that the k value 
changes along with the fiber reorientation due to slippage because k is an adjustable 
factor that accounts for the fiber orientation distribution, in addition to other fiber 
characteristics.  
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Fig. 13 A plot of the kE values against the n values for all of the PA 6(3)T mats. PA 
6(3)T of (77 ± 4), (150 ± 10), (166 ± 7)µm thick annealed at 130°C (circles); PA 6(3)T of 
(100 ± 10), (124 ± 4), (200 ± 20)µm thick (in order of increasing n value) annealed at 
150°C (squares); PA 6(3)T annealed for 1,2 and 4 hours (in order of decreasing n value) 
at 150°C (triangles); PA 6(3)T mats annealed at 170°C are not included because the 
significant change in morphology renders them no longer well described as fibrous media 
 
5. Conclusions 
The compressive behavior of electrospun mats was found to be well described 
empirically by the power law relationship proposed by Toll relating the transverse stress 
and the resulting solidity of fibrous media. The kE values are proportional to the n values, 
and they are independent of fiber diameter.  The values are lowest for samples annealed 
near Tg, and decrease with increasing annealing time. This behavior is attributed to the 
increasing development of welds at fiber-fiber contacts, which prevents fiber slippage, 
but without sacrificing the underlying fiber morphology.  Fiber slippage gives rise to a 
phenomenon similar to work hardening in metal.  To evaluate fiber mats for transport 
applications like filtration or membrane separations, one needs to consider the 
compressibility and the relevant operating pressure, in addition to the initial solidity of 
the mat. 
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